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I. INTRODUCTION
High current electron beams are applicable to a variety of technology areas, including the generation of electromagnetic radiation, such as microwaves and x rays, particle accelerators, and material processing and joining techniques, such as welding. In applications in which a modulated electron beam is desirable or required, there exist a number of well-established methods, such as the utilization of gated cathodes, ferroelectric emission cathodes, and photocathodes [1] [2] [3] [4] [5] [6] [7] that enable modulation of the electron beam at the point of emission. Another more recently demonstrated technique to allow for the emission of a modulated electron beam used a field emission cathode driven by the output of a nonlinear transmission line (NLTL) [8, 9] . In the experiments described in Ref. [9] , French et al. generated modulated electron beams ranging from 1 to 3 mA of average current with peak voltages around 1 kV, demonstrating the concept of a NLTL-based beam modulator at low power.
Because a NLTL-based beam modulation system might be incorporated into the pulsed power system driving an electron beam diode, use of a NLTL beam modulator in some applications may allow for increased system compactness. It is noted, however, that due to the relatively short rf pulse durations from typical high power NLTLs [10] [11] [12] [13] [14] , likely applications for a NLTL-based beam modulation system would be those requiring short (1's to 10's of ns) modulated bursts of electrons as opposed to continuous or quasi-continuous emission of a modulated electron beam.
Results from simulation work published previously by Hoff et al. [15] , using the particle-in-cell code icepic [16] , predict the ability to use a NLTL to drive kA-class beams at average voltages of 100's of kV with current modulation levels exceeding 30% of the average beam current. As described in Ref. [15] , the NLTL itself was not modeled as part of the beam driver; instead, measured voltage waveforms from a previously developed high power NLTL experiment [17] were used as the input signals. These signals were injected via a short section of a transmission line connected to a cathode which was able to launch the electron beam down a magnetized drift tube. A depiction of a radial slice of the previously simulated [15] geometry is provided in Fig. 1(a) . Also shown, in Fig. 1(b) , is a pseudocolor plot of the axial magnetic field magnitude produced by the magnet coils included in the model. The tapered field profile is required for operation of the Friedman type cathode configuration [18] used in the simulations.
II. EXPERIMENTAL CONFIGURATION
In the present paper, the authors report on experimental results from a high power NLTL-modulated electron beam diode. The electron beam diode and drift tube geometry used in these experiments were based on those modeled by Hoff et al. in Ref. [15] , as previously discussed. A schematic of the experimental configuration, including specific diagnostics and data channels, is depicted in Fig. 2 . The 15 stage Marx pulser and NLTL used in the experiment were the same as those reported on in Ref. [17] and were configured in the same manner, with the exception that for the present experiments, the output of the NLTL was connected to the beam driver assembly instead of to the 50 Ω transmission line used by French et al. Four series of experiments, using Marx bank charge voltages of 15, 20, 25 , and 30 kV, respectively, were performed. Voltage waveforms from the output of the NLTL were measured using a calibrated D-dot probe located at L-C Stage 58, just before the output coupling of the NLTL [17] .
A machine drawing of the electron beam gun is shown in Fig. 3 . The gun consisted of a section of 50 Ω tapered transmission line that begins at the output coupling of the NLTL and terminates at the cathode. The same Friedman cathode [14] geometry modeled in Ref. [15] was used in the experiment. The emission region of the graphite cathode, indicated in Fig. 3 , was coated with carbon fibers [19] . The cathode emission region had an axial length of four centimeters, starting with an outer radius equal to that of the coaxial transmission line inner conductor radius of 3.50 cm, tapered to a radius of 2.64 cm. The cathode surface is separated from the anode by a 2 cm gap. Immediately upstream of the cathode is a toroidal field shaping bump intended to suppress backstreaming of the electrons emitted from the cathode.
The vacuum drift tube started at the downstream end of the cathode and extended for 90 cm, after which the drift tube transitioned to a tapered beam dump. The drift tube had an inner radius of 5.5 cm. The downstream end of the drift tube was connected to a tapered beam dump which was, in turn, connected to the inlet of a small vacuum cryo-pump. Vacuum levels of ∼1 × 10 −7 Torr were maintained throughout the operation of the experiment. The drift tube was designed with four diagnostic ports (1A, 2A, 3A, and 4A), spaced equidistantly along the wall of the drift tube. Ports 1A (an axial distance of 20 cm from the end of the cathode) and 4A (an axial distance of 71 cm from the end of the cathode) were populated with calibrated B-dot probes for measurement of the beam current waveforms.
A labeled photo of the electron beam diode, solenoidwrapped vacuum drift tube, and beam dump is provided in Fig. 4 . The solenoid coils, wrapped directly on the outer wall of the drift tube, include four booster coils which were located above the gaps in the coil necessitated by the 1A-4A diagnostic ports. Figure 5 (a) shows a slice of the simulated coil configuration overlaid with a plot of the magnetic field magnitude (red represents higher field regions; blue represents lower field regions). A plot of measured axial magnetic field values along the length of the solenoid at a radius of 4 cm (the predicted beam radius) is provided in Figure 5 (b). The measured values are overlaid with the simulated axial magnetic field values. The as-built coils generate a magnetic field with larger distortions near the diagnostic port locations than was predicted in simulation, but this was not expected to preclude transport of the beam down the drift tube. The magnetic field coils are energized with a long pulse voltage source. Due to limitations of the drift tube solenoid pulser at the time of the experiment, the pulser was capable of driving a maximum of 1.15 kA through the drift tube coils during operation of the experiment instead of the design current of 1.5 kA used in the ICEPIC simulations [15] . 
III. EXPERIMENTAL RESULTS AND ANALYSIS
A detailed analysis is shown for a single shot from the 25 kV Marx charge experiment series which is used to describe the analysis technique. This single shot analysis is followed by a multishot analysis of all shots in each of the four experimental series (15, 20, 25 , and 30 kV) performed. The effective impedance of the electron beam diode, for this shot, can be estimated in the following manner. As described in Ref. [17] , the saturated output of the NLTL is approximately 50 Ω. The short transmission line connection, taper, and vacuum transition sections connecting the output of the NLTL to the electron beam diode section (shown in Fig. 3 ) were also designed to be approximately 50 Ω. Thus, for the purposes of this calculation, the transmission line impedance, Z 0 , is assumed to be exactly 50 Ω. The voltage of the pulse leaving the NLTL is approximately 150 kV, and the voltage of the reflected pulse is 75 kV (225-150 kV). For transmission line systems, the reflection coefficient, Γ, can be defined as
which in the present calculation is equal to 0.5. From this reflection coefficient the impedance of the transmission line load, Z L (the electron beam diode), can be determined as and is approximately equal to 150 Ω. Based on this impedance, the expected cathode current is ∼1.5 kA (225 kV=150 Ω). The leading portion of the measured filtered beam current pulse at B-dot 1A is approximately 950 A, which indicates that around 37% of the current is lost in the diode region and does not travel downstream. It is noted, however, that despite the differences in appearance between the 1A and 4A B-dot traces in Figs. 6 and 7, direct integration of the full current traces yield better than 95% agreement in total charge, indicating that the beam is being efficiently transported down the drift tube. Application of high pass filtering of the waveforms in Fig. 6 , with a cutoff frequency of 500 MHz, allows inspection of the rf components of each of the signals and results in the traces plotted in Fig. 8 . As is noted from comparison of the NLTL Stage 58 D-dot voltage, strong rf oscillations appear to last for approximately twice as long as in the current traces; however, recalling the previous discussion regarding the measured reflections back into the transmission line from the higher impedance electron beam diode, it is reasonable to assume that the majority of the rf signal amplitude in the NLTL Stage 58 D-dot trace after approximately t ¼ −25 ns is due to measurement of the reflected pulse. A comparison of the 1A and 4A B-dot current traces shows a reduction of the amplitude of the rf signal, indicating a degree of demodulation occurring as the beam travels down the drift tube.
Data from fast Fourier transform (FFT) analysis of the Fig. 8 waveforms are presented in Fig. 9 . The peak frequency of the rf signal shifts lower in frequency downstream of the electron beam diode and then is further downshifted as the beam traverses the length of the drift tube. The initial reduction in frequency occurring between the NLTL Stage 58 D-dot location and B-dot 1A is potentially a result of filtering taking place because of the inductive and capacitive properties of the diode. Linear kinetic bunching theory [20] predicts that the amplitude of the space-charge waves will vary sinusoidally as the beam propagates down the drift tube, with a wavelength that is inversely proportional to the frequency. In a beam with a range of frequencies such as is present in Fig. 9 , there is a section of tube in which the components of the spacecharge wave with frequencies below the initial peak frequency have greater magnitude than those at the initial peak frequency. This region also corresponds to lower overall current bunching. This effect is a likely contributor to the observed reduction in peak frequency occurring between B-dot 1A and B-dot 4A.
A comparison of the three traces in Fig. 9 also shows a relative increase in the amplitude of higher frequency content compared to the amplitude of the peak signal frequency. Although the drift tube lacks a slow wave structure, generation of harmonic content, such as the peak around 1.9 GHz in the 1A and 4A traces and around 2.9 GHz in the 4A trace is likely a result of the charge overtaking effect described in [21, 22] . observed at the NLTL Stage 58 D-dot. In all cases, the peak frequency of the beam modulations observed at the 4A B-dot were lower than those observed at the 1A B-dot.
B. Multiple shot results and analysis

Plots of peak frequency values from
Plots of signal modulation as a function of NLTL Stage 58 D-dot peak frequency for each of the shots in the 15, 20, 25, and 30 kV series is provided in Fig. 11 . Trend lines, based on a third order polynomial fit, are also included. Peak modulation, as used in Fig. 11 , is calculated by first dividing the time series values of the high pass filtered signals (such as those depicted in Fig. 8 ) by the time series values of the low pass filtered signals (such as those depicted in Fig. 7) . Next, a time window for each trace is set, corresponding to the period of time in which the low pass filtered signal exceeds 70% of its maximum value. Finally, the maximum rf signal amplitude ratio within the time window is selected and multiplied by 100 percentage points to yield percentage of signal modulation.
In each of the four series, the greatest NLTL voltage modulations (>30% in some series) were observed at the lowest frequencies. This trait of the NLTL used in these experiments has been previously documented by French et al. in Ref. [17] . Both beam current measurements (1A B-dot and 4A B-dot) also follow this trend, but, in all cases, have lower peak modulation values than the NLTL voltage signal. At lower frequencies, the difference in peak modulation between the 1A B-dot and 4A B-dot signals was found to differ by a larger margin than at higher frequencies. Because demodulation (debunching) of a modulated electron beam is enhanced both by differences in current density as well as the velocity spread of the beam [23, 24] , it would be expected that the demodulating effect would be strongest at the lowest frequencies which the NLTL's output waveform generates the largest voltage and current oscillations in the electron beam. The sinusoidal modulation of the space charge wave as a function of distance down the tube also plays a part in the observed reductions in peak modulation. The 4A B-dot is in a location that sees lowered frequency (Fig. 10) which is observed as the modulation of the space charge wave is in a region of decreasing amplitude. In plot (a), the magnetic field biasing the NLTL is decreased as shot number is increased. Because multiple shots were taken at each solenoid current setting and would, thus, have the same applied H field value, the average peak frequency for each set of shots at a given applied H are plotted.
Following the current loss estimation for the single shot case, the estimation was performed for the four experiment series. Figure 12 (a) shows a plot of average peak low-pass filtered current as a function of peak filtered voltage measured at the Stage 58 D-dot. Figure 12 (b) depicts a plot of estimated loss current averages for each of the four series as a function of peak filtered voltage measured at the Stage 58 D-dot. As is observed from the data, a substantial amount of current is being lost in the diode region. For axial magnetic field values in the anode-cathode gap region of the electron beam diode, shown in Fig. 5 , a calculation of the Hull condition [25] indicates the diode should be magnetically insulated for voltages well beyond those achieved in the present experiment. A probable mechanism for the loss in downstream current is electron backstreaming due to the aforementioned reductions in capability of the drift tube magnet system at the time of the experiment.
IV. SUMMARY AND CONCLUSIONS
A high current NLTL-based electron beam driver was built and tested. Four experimental series, each with a different Marx bank charge voltage (15, 20, 25 , and 30 kV), were completed. Within each experimental series, shots at peak frequencies ranging from 950 MHz to 1.45 GHz were performed. Peak amplitude modulations of the NLTL voltage signal, as measured at the Stage 58 D-dot, were found to range between 18% and 35% for the lowest frequency shots and between 5% and 20% for the highest frequency shots (higher modulation at higher Marx charge voltage).
Peak amplitude modulations of the electron beam current, as measured at the 1A B-dot, were found to range between 10% and 20% for the lowest frequency shots and between 2% and 7% for the highest frequency shots (higher modulation at higher Marx charge voltage). In all cases, the current modulation measured at the 1A B-dot was lower than that for the corresponding voltage trace, measured at the NLTL Stage 58 D-dot. Additionally, some degree of demodulation of the beam was found to occur as it traveled down the drift tube from the 1A B-dot location to the 4A B-dot location. At the lowest frequencies, the current modulation at the 4A B-dot was found to be as much as 8 percentage points lower than the current modulation observed at the location of the 1A B-dot. This effect was observed to become less pronounced at higher frequencies. In all series, the current modulations observed at both B-dot locations tended to coalesce to the same value. Because debunching of a modulated electron beam is enhanced both by differences in current density as well as the velocity spread of the beam, the debunching effect is expected to be strongest at the lowest frequencies (for which the NLTL's output waveform generates the largest voltage and current oscillations in the electron beam).
Comparisons between expected and measured downstream current values for each of the experimental series yielded indications of significant current loss in the diode region. Electron backstreaming due to reductions in capability of the drift tube magnet system at the time of the experiment was found to be the most likely mechanism for the discrepancies in expected versus measured downstream current. Current losses occurring during transport of the beam down the drift tube were found to be negligible. 
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